The duration of the evolutionary association between a pathogen and vector can be inferred based on the strength of their mutualistic interactions. A well-adapted pathogen is likely to confer some benefit or, at a minimum, exhibit low pathogenicity toward its host vector. Coevolution of the two toward a mutually beneficial association appears to have occurred between the citrus greening disease pathogen, Candidatus Liberibacter asiaticus (Las), and its insect vector, the Asian citrus psyllid, Diaphorina citri (Kuwayama). To better understand the dynamics facilitating transmission, we evaluated the effects of Las infection on the fitness of its vector. Diaphorina citri harboring Las were more fecund than their uninfected counterparts; however, their nymphal development rate and adult survival were comparatively reduced. The finite rate of population increase and net reproductive rate were both greater among Las-infected D. citri as compared with uninfected counterparts, indicating that overall population fitness of infected psyllids was improved given the greater number of offspring produced. Previous reports of transovarial transmission, in conjunction with increased fecundity and population growth rates of Las-positive D. citri found in the current investigation, suggest a long evolutionary relationship between pathogen and vector. The survival of Las-infected adult D. citri was lower compared with uninfected D. citri, which suggests that there may be a fitness trade-off in response to Las infection. A beneficial effect of a plant pathogen on vector fitness may indicate that the pathogen developed a relationship with the insect before secondarily moving to plants.
A continuum of interactions, ranging from mutually beneficial to deleterious, may define relationships between prokaryotic plant pathogens and insect vectors (Purcell 1982 , Belliure et al. 2005 , Stout et al. 2006 , Weintraub and Beanland 2006 . Coevolution leads to trade-offs between parasite virulence and host traits that may be stable, cyclical, or lead to extinction (Ashby and Boots 2015) . Reduced parasite virulence during infection and multiplication within the vector host may result in physiological trade-offs within the vector and subsequent alterations in vector fitness traits, including longevity and reproduction (e.g., Anderson and May 1982) . Indirect benefits of pathogens may accrue to their vector host, such as suppression of plant defenses (Belliure et al. 2005) or improvement in the nutritional value of hosts through increased availability of free amino acids (Stout et al. 2006) .
The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae), is the most economically important pest of citrus. D. citri is a phloem-feeding insect that damages developing leaves and fruit. Its primary economic importance lies in its ability to transmit the bacterial pathogen associated with citrus greening disease, or huanglongbing (HLB). HLB occurs throughout citrusgrowing regions of Asia, Africa, and the Americas, and is the most significant disease affecting citrus worldwide, resulting in tree decline, reduced fruit quality, and tree death (da Graça 1991, Halbert and Manjunath 2004) . In Asia, North America, and Brazil, HLB is associated with a phloem-limited alphaproteobacterium, 'Candidatus Liberibacter asiaticus' (Las) (Bové 2006) . The bacterium is closely related to two other putative HLB causal agents, 'Ca. L. africanus' and 'Ca. L. americanus' (Jagoueix et al. 1994 , Hocquellet et al. 1999 , Teixeira et al. 2005 , and the Zebra chip disease causal agent, 'Ca. L. solanacearum' (Liefting et al. 2008 (Liefting et al. , 2009 Hansen et al. 2008) . The reproductive host range of D. citri extends to a number of plant species in Rutaceae, and citrus plants are a common host (Halbert and Manjunath 2004) .
The pathogen is spread by acquisition of 'Ca. Liberibacter spp.' when D. citri feed on the phloem sap of infected plants, followed by inoculation of susceptible trees with the bacteria during subsequent feeding. Inoculation of healthy plants with Las can occur after 30 min of feeding (Huang et al. 1984 , Xu et al. 1988 , Roistacher 1991 , Pelz-Stelinski et al. 2010 . The bacteria remain latent inside the vector from 3-20 d and can then be transmitted to new plants within an hour of feeding (Xu et al. 1988 , Pelz-Stelinski et al. 2010 . The bacteria presumably multiply within the vector (Moll and Martin 1973 , Xu et al. 1988 , Ammar et al. 2011 .
Transmission of Las by D. citri has been investigated in some detail (Inoue et al. 2009 , Pelz-Stelinski et al. 2010 , Mann et al. 2011 ; however, the nature of the interaction between this pathogen and its vector remains poorly understood. To date there have been few reports of the effect of Las on psyllid life history. Generally, the impact of pathogens is assessed as a function of their effect on vector survival and fecundity (Weintraub and Beanland 2006) . Long life spans may impact vector capacity, by altering the lifetime transmission potential of the vector (Cook et al. 2008) . Long life spans facilitate more pathogen transmission, while shorter life spans diminish the opportunity for transmission to occur. The effects of a pathogen on other vector life history traits, such as fertility and fecundity, may also influence disease epidemiology. The production of more offspring in response to pathogen infection can positively impact the fitness dynamics of the vector insect population, increasing the potential for pathogen transmission. In the current study, we examined the effects of the citrus pathogen, Ca. L. asiaticus, on the life history of its insect vector, D. citri. Our objective was to determine the influence of Las on the life history characteristics of D. citri. Specifically, we investigated the effect of infection on: 1) adult survival, 2) fecundity, 3) fertility, and 4) nymph development. Our findings indicate that infection with Las has a positive effect on psyllid population growth, which would be expected to facilitate the spread of huanglongbing.
Materials and Methods

Psyllid Cultures
Diaphorina citri used in bioassays were obtained from a culture continuously reared at the University of Florida Citrus Research and Education Center (CREC) (Lake Alfred, FL). The culture was established in 2000 from field populations collected in Polk Co., FL (28.0 0 N, 81.9 0 W), prior to the discovery of HLB in the state. A Lasnegative colony, consisting of thousands of D. citri individuals, was maintained on 'Pineapple' [Citrus sinensis (L.) Osb (Rutaceae)] plants in a greenhouse without exposure to insecticides. To confirm that this culture remained free of Las, random subsamples of D. citri and plants were tested monthly using a quantitative real-time polymerase chain reaction (qPCR) assay, described below (Li et al. 2006 , Pelz-Stelinski et al. 2010 . Las-positive D. citri were collected from a subculture of the Las-negative population reared on Las-infected C. sinensi 'Pineapple' plants housed in a secure quarantine facility at the University of Florida CREC. Las-negative psyllids (P1 generation) were transferred to infected plants immediately preceding assays to obtain Las-infected individuals (F1 generation) for bioassays. Both psyllid colonies were maintained at 26 6 1 C, 60-80% RH, and a photoperiod of 16:8 (L:D) h. Monthly sampling of the infected culture conducted simultaneously with the current study indicated that between 30 to 70% of psyllids were infected with Las based on qPCR detection.
Pathogen Source and Host Plants
Las infection in host plants was maintained by graft inoculating healthy 'Pineapple' sweet orange C. sinensis plants with Las-infected vegetative plant tissue (budwood) harvested from a commercial citrus grove in Immokalee, FL (Collier Co., USA). Plants were confirmed positive for Las in a qPCR assay and maintained in an insect-proof secure greenhouse facility at the University of Florida CREC under ambient greenhouse conditions (approximately a photoperiod of 14:10 [L:D] h, 25-28 C, and 60-80% RH). C. sinensis 'Pineapple' cultivated from seed and confirmed negative for Las infection were used in the experiments described below. Plants were separated from Las-infected plants in a secure greenhouse and maintained under the above conditions.
Effect of Las on Psyllid Reproduction
Egg Production The objective of this experiment was to determine the effect of Las infection on the fecundity of D. citri as compared with their uninfected counterparts. Fecundity was defined as cumulative egg production per female over a 25-d oviposition period. Newly emerged (2-3 d old) adults from Las-positive or Las-negative D. citri cultures were sexed and then transferred as pairs (one male and female) onto a Las-negative citrus plant with new leaf growth to promote oviposition. A 1-liter transparent plastic deli container, perforated to provide ventilation, was inverted and attached with parafilm to 1-liter plastic plant pots (11.5 cm diam, 12 cm h) to confine psyllids from each treatment group on healthy (Las-negative) citrus seedlings. Plants with psyllids were held in an environmental chamber (Percival Scientific, Fontana, WI) at 25 6 1 C, 50 6 10% RH, under a photoperiod of 14:10 (L:D) h to reflect typical field conditions. Egg production (fecundity) was determined by counting the total number of eggs laid by each isofemale line for 25 d. Eggs were counted and adults were transferred to new plants at 5-d intervals to promote feeding and oviposition on new flush throughout the experiment. To determine egg deposition per female, leaf flush was removed with a sterile scalpel and the number of eggs were counted using a stereomicroscope. Adult females (P1 generation) were collected at the end of the experiment and stored at À80 C in 80% ethanol for subsequent detection of Las. The infection status of P1 females was confirmed using qPCR. Only eggs from Las-infected females were included in fecundity measurements from the Lasinfected treatment group for comparison with their Las-negative counterparts.
Egg Fertility
Fertility was defined as the percentage of eggs that successfully hatched following oviposition. Viability of eggs from Las-infected and uninfected females was determined by placing individual excised leaf flush with eggs into 90-mm petri dishes containing 1.5% agar overlaid with moistened filter paper to prevent egg desiccation. Dishes were maintained in an insect-proof growth chamber. Successful egg hatches were determined by counting and removing emerging nymphs daily until no nymphs appeared for one week. Nymphs (F1 offspring) collected throughout the experiment were stored at À80 C in 80% ethanol for subsequent Las screening. The entire experiment was replicated three times on different dates, with 10 replicate female psyllids per treatment for each experiment.
Survival of Psyllids Harboring Las
Fifteen groups of 20 newly emerged (2-3 d old) adult psyllids reared on infected citrus plants for nymphal acquisition of Las were transferred to a healthy (Las-negative) citrus plant to evaluate the effect of Las on D. citri survival. Acquisition feeding was conducted with D. ctiri nymphs because this it is the stage where acquisition of Las is most efficient (Pelz-Stelinski et al. 2010). A second group of newly emerged adult psyllids reared on healthy plants was also transferred to citrus plants as a negative control. Insects were confined on potted citrus plants within small, insect-proof, mesh rearing cages (0.6 by 0.6 by 0.6 m). Psyllids were collected and counted daily until all individuals were dead. Insects were sorted according to sex, and stored in 80% ethanol at À80 C for DNA extraction. For the Lasinfected psyllid treatment, only individuals that tested positive for Las in qPCR assays were included in subsequent survival analysis.
Nymph Development
Paired male and female adult psyllids were collected from an unexposed, Las-negative D. citri culture and confined on asymptomatic, Las-positive, or Las-negative citrus plants with new leaf growth for mating. Following egg deposition, adults were removed from the caged plants and the number of eggs was counted and recorded. Egg clutches from 10 paired psyllids were used for each treatment. Every three days, nymphs were counted by instar and newly emerged adults were collected for storage at À80 C in 80% ethanol for subsequent detection of Las. The experiment continued until all psyllids emerged as adults or died.
DNA Isolation and Real-Time PCR Assays
DNA was isolated from D. citri using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA) in accordance with the manufacturer's protocol with modifications for isolation of bacterial DNA from arthropods (Pelz-Stelinski et al. 2010) . Individual psyllids were ground in a buffer solution (Qiagen, Valencia, CA) using a sterile mortar, then lysed in a hybridization oven (Model 136400, Boekel Scientific, Feasterville, PA) at 56 C overnight.
Plants were tested for the presence of Las before and after exposure to infected psyllids. Midribs were removed from three leaves collected from each plant using a sterile razor blade. Midribs taken from a single plant were pooled, chopped, and subsampled (100 mg) for total DNA isolation. Samples were frozen under liquid nitrogen and subsequently ground with a bead mill (TissueLyzer II, Qiagen) and stainless steel beads. DNA was isolated using a modified DNeasy Plant Kit (Qiagen) protocol, described previously (Li et al. 2006 , Pelz-Stelinski et al. 2010 .
A Las-specific 16 S ribosomal DNA (rDNA) probe (5 0 -56FAM-AGACGGGTGAGTAACGCG-3BHQ2-3 0 ) and primers (LasF: 5 0 -TCGAGCGCGTATGCGAATAC-3 0 ; LasR: 5 0 -GCGTTATCCCGT AGAAAAAGGTAG-3 0 ) were used in quantitative real-time polymerase chain reaction (qPCR) assays to detect Las (Li et al. 2006 ). In addition to target DNA, internal control primers were used in multiplex qPCR amplification of samples, as described previously (Pelz-Stelinski et al. 2010) . Each reaction tube contained a primer and probe set to amplify the psyllid wingless gene (Wg) [(WgF: 5 0 -GCTCTCAAAGATCGGTTTGACGG-3 0 ; WgR: 5 0 -GCTGCCACGA ACGTTACCTTC-3 0 ), Wg probe (5 0 -JOE-TTACTGACCATCAC TCTGGACGC-3BHQ2-3 0 )], or the plant mitochondrial cytochrome oxidase gene (Cox) to confirm successful extraction of psyllid and plant DNA, respectively. Quantitative PCR settings consisted of: 1) 2 min at 50 C, 2) 10 min at 95 C, and 3) 40 cycles with 15 s at 95 C and 60 s at 60 C. Duplicate reactions were conducted for each sample in in an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA), and each set of amplifications included positive controls for target (Las) and internal control (Wg or Cox) sequences. Amplifications were repeated if internal control or positive control assays failed to yield a product. Samples were considered positive for Las if a product was amplified within the 40 amplification cycles used for reactions.
Life Table Analysis and Population Growth Calculation
Data were analyzed using stage-dependent life tables (Birch 1948 , Southwood 1978 . Life tables were constructed from cohort eggs born to the same female on the same day, with 10-11 replicate females used for each treatment. The net reproductive rate (R 0 ) was calculated as the number of female progeny produced per female per generation, assuming a 1:1 sex ratio, as per the following equation:
x: time (days) l x : proportion of females alive at time x, and m x : age-specific fecundity (average daily number of eggs laid by females per treatment divided by 2 to compensate for the 1:1 sex ratio of progeny).
The intrinsic rates of population increase for Las-infected and uninfected psyllids were calculated as described by Birch (1948) as:
T is the generation time (in days), calculated as:
The finite rate of population increase (k) representing the number of female produced per female per day, was calculated as:
Survival (s) of psyllids was recorded for each life stage (eggs, first-second-instar nymphs, third-instar nymphs, fourth-fifth-instar nymphs, and adults) to determine cumulative mortality (K-value) of psyllids in response to pathogen infection. This is calculated as: k ¼ ÀlnðsÞ; and
where k is the negative natural logarithm of survival (s) for each life stage, and K is the sum of all k-values for the entire life cycle. The magnitude of the k-value reflects the risk of mortality for a treatment goup, such that mortality of a group increase as k-values increase.
Statistical Analysis
Survival of Las-infected and uninfected D. citri adults was compared on healthy, Las-negative citrus plants using the Wilcoxon-Mann-Whitney test (SAS Institute 2013). Survival of insects was analyzed using the Kaplan-Meier method and pairwise comparisons between treatment groups were made using the Log-rank (Mantel-Cox) test.
Nymph development time, fertility, and fecundity rates were compared between groups of Las-infected and uninfected D. citri using a one-way analysis of variance (ANOVA; a ¼ 0.05).
Results
Adult Survival
The survival curve of Las-infected D. citri adults was significantly lower than that of uninfected D. citri (Kaplan-Meier analysis, v 2 ¼ 8.31, df ¼ 1, P ¼ 0.004; Fig. 1 ). Survival of adult D. citri infected with Las at 30 was 18.6 6 6.7% (mean 6 SE) as compared with 34.0 6 15.0% for infected D. citri.
Effect of Las on Reproduction
Fecundity of infected female D. citri was significantly higher than for uninfected counterparts ( Fig. 2A) . Infected females laid more eggs than uninfected females 10-25 d following acquisition. In addition, the average fecundity of infected females over a 5-d period was significantly higher than the number of eggs laid by noninfected females (Fig. 2B, F 1 
Fertility of D. citri was not statistically affected by maternal infection status (F 1,19 ¼ 1.23, P ¼ 0.28). The mean percentages of fertile eggs produced by Las-infected and uninfected females were 65.3 6 5.6 and 74.9 6 16.8% (mean 6 SEM), respectively.
Nymph Survival and Development Period
The developmental time of D citri from egg until adult eclosion was significantly longer on infected (31.2 d 6 0.95 d) than noninfected plants (20.6 6 0.56 d) (ANOVA, F 1,52 ¼ 100.1, P < 0.0001).
Life Table Analysis and Population Growth
Las-positive D. citri experienced greater mortality than Las-negative counterparts at the egg and adult stages; however, less mortality was observed for infected psyllids during the nymphal stage (Table 1) . A larger K value, representing cumulative stage-dependent mortality, indicated that Las-infected D. citri experienced greater mortality overall than uninfected psyllids.
The net reproductive rate of Las-infected D. citri was significantly greater than that of uninfected counterparts (Table 2) . Similarly, the finite rate of population increase of infected D. citri was greater than that of uninfected counterparts (Table 2 ). These results suggest that more adult female D. citri were produced per day by Las-infected, as compared with, uninfected D. citri.
Discussion
The life span of adult D. citri was reduced following acquisition of Las; however, fecundity of infected D. citri was greater as compared with uninfected counterparts. Despite the decrease in psyllid longevity, the net effect on D. citri was positive given that the finite rate of increase was greater when D. citri were infected with Las. This suggests that the positive effect of Las on fecundity of D. citri was greater than the corresponding negative effect on their survival. Acquisition of Las is greatest during nymph development (Pelz-Stelinski et al. 2010). Also, transmission of Las by adults may occur mainly when it is initially acquired by nymphs, rather than adults (Ammar et al. 2015) . Our findings suggest that D. citri populations may increase more rapidly following acquisition of the Las pathogen than counterpart populations that do not acquire Las during development.
Several leafhopper vectors also exhibit enhanced fitness following acquisition of plant pathogens. Macrosteles quadrilineatus Forbes (Beanland et al. 2000) and Dalbulus maidis (DeLong & Wolcott) (Ebbert and Nault 2001) leafhoppers exposed to the plant pathogens Aster yellows phytoplasma and corn stunt spiroplasma, respectively, live longer than their uninfected counterparts. Positive effects of a plant pathogen on vector fitness may indicate that the pathogen developed a relationship with the insect vector before secondarily moving to plants (Purcell 1982) . A close association between Las and its vector has been demonstrated in previous studies reporting the occurrence of transovarial (mother to offspring) (Pelz-Stelinski et al. 2010 ) and horizontal sexual transmission of Las (Mann et al. 2012) . Las is persistently transmitted and capable of colonizing a majority of psyllid tissues, including the reproductive organs (Ammar et al. 2011) . Cumulatively, the effects of Las on D. citri suggest a long-term, stable coevolutionary association between these organisms.
Comparable studies have reported detrimental effects of pathogen infection on life history traits of other psyllid species (Malagnini et al. 2010 , Nachappa et al. 2012 . 'Candidatuś Phytoplasma mali' and 'Candidatuś Liberibacter solenacearum' are associated with apple proliferation and zebra chip diseases, respectively. These phytopathogens reduce fecundity of their psyllid vectors, Cacopsylla melaneura (Malagnini et al. 2010) , and Bactericera cockerelli (Nachappa et al. 2012) . Although survival of adult B. cockerelli was not affected by infection, survival of nymphs to the adult stage was reduced when B. cockerelli were infected with Ca. L. solenacearum (Nachappa et al. 2012) .
Our results suggest that acquisition of Las may have some negative effects on D. citri given their higher mortality compared with uninfected counterparts. The negative impact on survival may be a direct result of the physiological costs associated with multiplication of the bacteria within D. citri (Ammar 2011) . Propagative pathogens can exact metabolic or immune costs associated with multiplication (Nault 1997 , Fletcher et al. 1998 . Infection with the X-disease, "Flavescence dorée," and chrysanthemum yellows phytoplasmas reduced the fitness of their respective leafhopper vectors (Jensen 1959; Whitcomb et al. 1967 Whitcomb et al. , 1968 Whitcomb et al. , 1979 Garcia-Salazar et al. 1991; Bressan 2005; D'Amelio et al. 2008) . We postulate that when psyllids are infected with Las, there is a physiological trade-off between reproduction and life span. These trade-offs occur in many organisms, where individuals that reproduce more exhibit shorter life spans (Williams 1966 , van Noordwijk and de Jong, 1986 , Roff 1992 . Few specific physiological mechanisms mediating trade-offs have been described (Partridge 2005 , Flatt and Kawecki 2007 , Harshman and Zera 2007 . Trade-offs are thought to result from competitive resource re-allocation from somatic maintenance and repair to reproduction (Reznick 1985 , Bell and Koufopanou 1986 , Shanley and Kirkwood 2000 , Adler et al. 2013 . Hormonal regulation of immune function and metabolic allocation likely underlie life history trade-offs (Flatt and Kawecki 2007, Harshman and Zera 2007) .
Mortality of D. citri nymphs was not negatively impacted by acquisition of Las. However, development of D. citri on Lasinfected plants was 10.6 d slower than on noninfected plants. As mentioned previously, this may have been due to reduced plant suitability resulting from Las infection. Phloem blockage and collapse are notable features of HLB (Brodersen et al. 2014) . Infected plants are nutritionally impacted following Las infection resulting in nitrogen, phosphorus, iron, zinc, and magnesium deficiencies (Mann et al. 2012 ) and lower amino acid concentrations (da Graça 1991). Although pathogen-infected citrus plants are initially attractive to D. citri, they selectively move to non-infected host plants after feeding (Mann et al. 2012) . Adult D. citri will leave Las-infected plants following colonization if uninfected counterparts are nearby (Mann et al. 2012) . This is likely because infected plants are nutritionally suboptimal to D. citri as compared with uninfected counterparts (Mann et al. 2012) . Therefore, infection of citrus with the Las pathogen may also have negative impact on populations of D. citri because of reduced egg laying on plants by adults as has been shown for the potato psyllid, Bactericera cockerelli (Davis et al. 2012) .
Our results may have implications for management of HLB within the context of disease epidemiology. Infected trees may contribute more to spread of the pathogen than by only serving as sources of inoculum for the vector. Increased fecundity of infected D. citri may contribute to transmission because of greater vector population size within heavily infected areas. Given that population growth of the D. citri vector may be greater among populations that harbor the pathogen in greater frequency, as compared with populations that are less infected, our results support previous recommendations for removal of infected host plants as part of HLB management (Bové 2006) . 
